We aimed to study the mechanisms and the significance of the influence exerted by the renin-angiotensin system (RAS) on the pineal melatonin production. Pineal melatonin and other indoles were determined by HPLC with electrochemical detection after angiotensin AT1-receptor blockade with Losartan in vivo or in cultured glands. N-acetyltransferase (NAT) activity was radiometricaly measured. To test the in vivo relevance of the local RAS, pineal melatonin and its indole precursors were determined in transgenic rats with inhibited production of angiotensinogen exclusively in astrocytes, TGR(ASrAOGEN). Tryptophan hydroxylase (TPH) and NAT mRNA levels were determined by real-time RT±PCR. Pineal melatonin content was significantly decreased by AT1-receptor blockade in vivo, in cultured glands and in TGR(ASrAOGEN) (35%, 32.4% and 17.5% from control, respectively). Losartan produced a significant decrease of pineal 5-hydroxytryptophan, serotonin, 5-hydroxyindole acetic acid and N-acetylserotonin in pineal cultures. Also, the pineal content of the precursor indoles in TGR(ASrAOGEN) rats was significantly lowered. The reduction of 5-hydroxytryptophan levels by 33±75% in both in vivo and in vitro studies suggests a decreased activity of TPH. Moreover, the TPH mRNA levels in TGR(ASrAOGEN) rats were significantly lower than control rats. On the other hand, NAT activity was unaffected by Losartan in pineal culture and its expression was not significantly different from control in TGR(ASrAOGEN) rats. Our results demonstrate that a local pineal RAS exerts a tonic modulation of indole synthesis by influencing the activity of TPH via AT1-receptors.
The mammalian pineal gland comprises one of the neuroendocrine glands present within the brain. Accumulating evidence indicates multiple roles of the gland via melatonin production, such as modulation of biological rhythms (Pevet 2000) , neuro-immune axis (Martins et al. 1998; Reiter and Maestroni 1999) , glucose tolerance and insulin action (Lima et al. 1998) 1 and reproductive activity (Luboshitzky and Lavie 1999) . The production of melatonin and other indoles in the pineal is regulated predominantly by the sympathetic nervous system via noradrenergic fibers originating in the superior cervical ganglion (Bartol et al. 1997) . However, the pineal indole production is also regulated by efferents from specific diencephalic areas (Cipolla-Neto et al. 1995 , 1999 . The complexity of the gland function is moreover denoted by the presence of several peptidergic systems that are potentially involved in its functionality (Simonneaux 1995; Moller et al. 1996) . We have previously demonstrated the presence of a tissue renin-angiotensin system (RAS) (Baltatu et al. 1997 (Baltatu et al. , 1998b ) that could produce locally acting angiotensin (Ang) in the pineal gland, independently from the endocrine one. Also, Ang II (the most described active peptide of the RAS) effects have been demonstrated in the pineal gland (Panagiotis and Hungerford 1966; Haulica et al. 1980; Finocchiaro et al. 1990 ). However, the relative contribution of the RAS to the pineal indole metabolism has not yet been studied.
In the present study we sought to investigate the relative importance of the RAS in pineal indole production. Moreover, since the precursor molecule of the system, angiotensinogen (AOGEN) is present in astroglia and Ang receptors in pinealocytes, we aimed to reveal the importance and mechanisms of the pineal RAS in pinealocyte indole metabolism. To study the relative significance of the local pineal RAS compared to the endocrine RAS, pineal indole metabolism was assessed in transgenic rats TGR(ASrAOGEN) with deficient production of AOGEN in astrocytes (Schinke et al. 1999; Baltatu et al. 2000) . The TGR(ASrAOGEN) rats have a 90% decrease in AOGEN protein levels in the brain, while the plasma levels are not altered (Schinke et al. 1999; Baltatu et al. 2000) . These transgenic rats exhibit hypotension, diabetes insipidus-like syndrome, exaggerated baroreflex and alterations in the circadian rhythm of blood pressure (Schinke et al. 1999; Baltatu et al. 2001) .
Materials and methods
In vivo treatment with AT1-receptor antagonist Adult Wistar-Kyoto rats were synchronized to a 12-h light±dark cycle in a room with constant temperature (20±22°C). The rats were given standard rat chow and water ad libitum. The rats were randomized in two groups: one received orally Losartan treatment 10 mg/kg/day for 4 days, and the other group served as control receiving distilled water. At the end of the treatment period, the rats were killed by decapitation in the middle of the dark period (corresponding to the peak of melatonin secretion) under light-safe conditions. Pineal gland was rapidly removed, frozen in dry ice and stored at )85°C.
Pineal gland culture
Young Wistar rats (120±180 g) were decapitated, the pineal glands removed and immediately placed in ice-cold BGJ b medium (Gibco, Grand Island, NY, USA), modified by the addition of bovine serum albumin (BSA; 1 mg/mL), 2 mM glutamine, 0.1 mg/mL ascorbic acid and penicillin (100 U/mL) ± streptomycin (100 lg/mL). Pineal glands were cultivated as described by Parfitt and Klein (1976) . Briefly, pineal glands were incubated (37°C; 95% O 2 , 5% CO 2 ) in modified BGJ b medium in 24-well plates (2 glands/well; 200 lL/well) for 48 h before treatment and the medium was changed after the first 24 h. Forty-eight hours is the necessary time for the occurrence of total degeneration of the pre-synaptic elements so that the glands can be considered as a post-synaptic preparation (Parfitt and Klein 1976) . Some of the glands were incubated with Losartan (10 lM) from the beginning of the culture procedure. On the day of the experiment, all the glands were placed in fresh medium for 1 h and then submitted to stimulation with noradrenaline (1 lM). After 5 h of incubation the glands were collected, frozen on dry ice and kept at ) 5°C until the time for assay.
Chromatographic detection of pineal indoles
Tryptophan, 5-hydroxytryptophan, serotonin, 5-hydroxyindoleacetic acid, N-acetylserotonin and melatonin were determined by highperformance liquid chromatography (HPLC) with electrochemical detection running Millennium software (Waters System, Milford, MA, USA). The indoleamines were separated on a Resolve C18 column (5 lm, 150´3.9 mm). The chromatographic system was isocratically operated with the following mobile phase: 0.1 M sodium acetate, 0.1 M citric acid, 0.15 mM EDTA, 10% methanol (for tryptophan, 5-hydroxytryptophan, serotonin and 5-hydroxyindoleacetic acid) or 30% methanol (for melatonin), pH 3.7, at a flow rate of 1 mL/min. The electrochemical detector potential was adjusted to + 900 mV. The total run time for hydroxyindoles was 10 min and, typically, N-acetylserotonin, the last indole in the run, was eluted at 8 min and 30 s. The elution time for melatonin was about 6 min.
Each gland was sonicated (Microson XL 2005, Heat System Inc., Farmingdale, NY, USA) in a solution of 0.1 M perchloric acid (120 lL), containing 0.02% EDTA and 0.02% sodium bisulfate. After centrifugation (2 min, 13 000 g, Eppendorf 5415C Centrifuge, Brinkman Instruments Inc., Westbury, NY, USA), 50 lL of the supernatant were injected into the chromatographic system (Injector Mod. 7125, 20 lL loop, Rheodyne Inc., San Francisco, 2 CA, USA).
N-acetyltransferase activity determination
The N-acetyltransferase (NAT) activity was measured by radiometric assay (Deguchi and Axelrod 1972) , modified by Parfitt et al. (1975) . Briefly, 100 lL of 0.1 M sodium phosphate buffer, pH 6.8, containing 40 mM tryptamine and [ 3 H]acetyl coenzyme A (2 mM, final specific activity 4 mCi/mmol) were added to a microcentrifuge tube containing one gland kept at 4°C. The glands were sonicated and, then, incubated at 37°C for 20 min. The reaction product N-
3
[H]-acetyltryptamine was extracted into water-saturated chloroform (1 mL). Samples of 500 lL were evaporated to dryness in a scintillation vial and the radioactivity determined by usual counting technique.
Indoles in the pineals of TGR(ASrAOGEN) rats Adult male transgenic rats TGR(ASrAOGEN) and age-matched Hanover Sprague±Dawley rats (parent strain used as normal controls) were maintained in standard conditions, housed under a 12-h light /12-h dark schedule. The rats were decapitated in the middle of the dark period under light-safe conditions and pineals were removed and stored at )80°C. Pineal indoles were determined as described above.
Tryptophan hydroxylase and NAT mRNA determination Total RNA was isolated from the pineal glands using the TRIzol TM Reagent (Life Technologies, Eggenstein, Germany) followed by chloroform±isopropanol extraction, according to the protocol of the manufacturer. Relative quantification of tryptophan hydroxylase (TPH) and NAT mRNA was performed with a TaqMan real-time RT-PCR assay on an ABI PRISM 7700 Sequence Detector (PerkinElmer Applied Biosystems Inc., Foster City, CA, USA) 3
. Oligonucleotide primers and fluorogenic probes were designed with use of the Primer Express 1.0 software (Perkin-Elmer Applied Biosystems Inc.) from the GenBank database as follows: TPH (accession number X53501) (Darmon et al. 1988) , NAT (accession number U40803) (Borjigin et al. 1995) and b-actin (accession number V01217) (Nudel et al. 1983) . The forward and reverse primers and the TaqMan probes used were, respectively: for TPH ± CTTCAGA-GGAGACGGTTCAGAAA, TCTCAGCTGCCCATCTTGCT, TGG-CAACGTGCTACTTCTTCACTGTGGA; for NAT ± ACACACTC-CCTGCCAGTGAGTT, AAGTGCCGGATCTCATCCAA, TAA-AGGCTTCGCGCTCAATCTCAAACG; for b-actin: AGTTCGC-CATGGATGACGAT, CACATGCCGGAGCCGT, TCGCTGCGC-TCGTCGTCGA. The fluorogenic probes were labeled at the 5¢ end with 6-carboxy-fluorescein (6-FAM, reporter fluorochrome) and at 3¢ end with 6-carboxy-tetramethyl-rhodamine (TAMRA, quencher fluorochrome). Oligonucleotides were synthesized by BioTez (Berlin-Buch, Berlin, Germany). Real-time quantitative RT-PCR was performed with the TaqMan system (ABI Prism 7700, PerkinElmer) and according to the instructions of the TaqMan EZ RT-PCR TaqMan-kit protocol. Total RNA (10 ng) was used for each PCR with the following time course: 2 min at 50°C and 10 min of initial denaturation at 95°C to activate Taq Gold polymerase, followed by 40 cycles of 2-step PCR consisting of 15 s at 95°C and 1 min at 60°C. Each sample was tested in triplicate. Semiquantitative analysis of the expressed target sequence was normalized in relation to the housekeeping gene b-actin, which was determined in parallel TaqMan assays (Medhurst et al. 2000; Macdonald et al. 2001) .
Statistical analysis
Data were analysed by independent samples t-test. The criterion for significant differences between groups of study was p < 0.05. Results are expressed as mean SE.
Results
Effects of Ang AT1-receptor antagonist on pineal melatonin production ± in vivo In vivo treatment of WKY rats with the AT1-receptor antagonist Losartan significantly reduced by 35% ( p 0.03) the pineal melatonin synthesis during the dark period (Fig. 1) .
Effects of Ang AT1-receptor antagonist on pineal indole production ± in vitro Treatment of cultured pineal glands extracted from Wistar rats with Losartan induced a decrease in pineal melatonin content to 67.6% of control (Fig. 2) . Furthermore, the indoles produced within the enzymatic pathway of melatonin synthesis were also significantly decreased, including 5-hydroxytryptophan, serotonin, 5-hydroxyindole acetic acid and N-acetylserotonin (Fig. 2) . Noticeably, Losartan induced a 75% inhibition of 5-hydroxytryptophan. The NAT activity was not altered by Losartan treatment (Fig. 3) .
Pineal indole metabolism in TGR(ASrAOGEN) rats
The indole measurements in the pineal of the TGR(ASrA-OGEN) rats showed a significant decrease in comparison with the parent strain (Fig. 4) . The pineal melatonin, as well as 5-hydroxytryptophan, serotonin, 5-hydroxyindole acetic acid and N-acetylserotonin levels were significantly lower in the TGR(ASrAOGEN) in comparison to Sprague±Dawley rats. Pineal melatonin and 5-hydroxytryptophan levels in TGR(ASrAOGEN) were 17.5% and 38%, respectively, lower than in Sprague±Dawley rats.
Pineal TPH and NAT gene expression in TGR(ASrAOGEN) rats
Semiquantitative analysis of pineal TPH and NAT mRNA indicated that TGR(ASrAOGEN) have lower levels in comparison with Sprague±Dawley rats (Fig. 5) . However, this effect only reached a statistically significant level for TPH mRNA.
Conclusions
In the present study we provide the first evidence that the pineal RAS is an important modulator of pineal indole metabolism. In vivo treatment with an AT1-receptor antagonist significantly inhibited the synthesis of melatonin in the pineal gland. Accordingly, AT1-receptor blockade in noradrenaline-stimulated cultured pineal glands produced a significant decrease of pineal indoles. Furthermore, we could show a reduced indole synthesis and TPH mRNA levels in the pineal glands of a transgenic rat model with targeted down-regulation of astroglial AOGEN synthesis.
Ang II AT1-receptors have been detected in pinealocytes by in situ hybridization procedure (Baltatu et al. 1998b) , suggesting a role in melatonin production. Our results using Losartan in rats and cultured pineal organs support the involvement of this receptor subtype in the regulation of melatonin generation by Ang II. Since the pineal gland is located outside the blood±brain barrier, both blood-borne and locally formed Ang II could act on these pinealocyte AT1 receptors. However, our results derived from cultured pineal organs as well as from TGR(ASrAOGEN) rats provide Fig. 1 Decreased pineal melatonin levels in control (j, n 9) and rats treated with Losartan 10 mg/kg/day orally for 4 days (h, n 10) (HPLC with electrochemical detection). Pineals were collected in the middle of the dark period under light-safe conditions. strong evidence that pineal astroglial cells are the main source of the functionally relevant angiotensin. The synthesis of AOGEN, the only common precursor of all known angiotensins, has been demonstrated to occur in various brain regions (Morgan et al. 1996; Baltatu et al. 1998a) , including pineal gland (Baltatu et al. 1998b) and to be mainly restricted to astroglia (Deschepper et al. 1986; Stornetta et al. 1988; Sernia et al. 1997) . Furthermore, the pineal gland contains very high amounts of renin-like activity (Mizuno et al. 1985; Haulica et al. 1975; de Agostini et al. 1982) and angiotensin-converting enzyme (Nahmod et al. 1982) . We previously observed that the pineal converts Ang I to Ang II more readily than any other brain region (Baltatu et al. 1997) . Also, we found that angiotensin-converting enzyme is synthesized in high amounts in this gland (Baltatu et al. 1998b) . Moreover, Finocchiaro et al. (1990) demonstrated that electrical field stimulation of pineal slices could release Ang II. Thus, local Ang II production in this organ probably occurs and, according to the results shown in this study, it, rather than the systemic RAS, tonically regulates melatonin synthesis.
Melatonin is considered as the main indole and is the only known hormonal output of the pineal gland (Foulkes et al. 2000) . Its synthesis occurs in a circadian manner with high levels during the dark-period of the day in all mammals. Melatonin is produced from serotonin and NAT is considered the rate-limiting enzyme of its synthesis. Serotonin is synthesized from tryptophan by a two-step enzymatic process for which TPH activity is rate-limiting. Alternatively, serotonin undergoes also deamination and oxidization to form 5-hydroxyindoleacetic acid or is reduced to 5-hydroxytryptophol. Finocchiaro et al. (1990) demonstrated that Local angiotensin modulates pineal melatonin 331 exogenous Ang II stimulates indole biosynthesis in pineal slices and Ang receptor antagonist blocks its effects. In the present study, we assessed the indole content of the pineal in order to determine at which level AT1-receptor antagonists inhibit indole metabolism. Losartan treatment of cultured pineals significantly decreased the levels of 5-hydroxytryptophan, serotonin, 5-hydroxyindole acetic acid, N-acetylserotonin and melatonin. Remarkably, the levels of 5-hydroxytryptophan ± the first-step enzymatic product of tryptophan ± were 75% decreased in Losartan-treated pineal cultures. Since the levels of tryptophan in the medium are constant, a lack of substrate cannot be responsible for this effect. Thus, the reduced 5-hydroxytryptophan levels clearly indicate that the pineal RAS is an important tonic modulator of TPH activity. Finocchiaro et al. (1990) have shown that the production of 5-hydroxytryptophan by electrical field stimulation or by exogenous Ang II was blocked by the Ang-receptor-but not by b-receptor-antagonist, indicating a direct effect of Ang II on the activity of TPH. Previous studies have already suggested an activating effect of Ang II on TPH activity in the brainstem (Nahmod et al. 1978; Boadle-Biber 1979) . Consequently, all the indoles resulting from the enzymatic degradation of 5-hydroxytryptophan Low pineal indole levels in TGR(ASrAOGEN) rats (h) (HPLC with electrochemical detection). Pineals of TGR(ASrAOGEN) (n 9) and Hanover Sprague±Dawley (j) (n 9) rats were collected in the middle of the dark period under light-safe conditions. Pineal indoles were determined by HPLC with electrochemical detection.
were significantly decreased, including melatonin. However, NAT activity (Klein 1999) was not significantly altered. It has been shown previously that the production of melatonin by electrical field stimulation or by exogenous Ang II was significantly inhibited by the b-receptor-but not by Angreceptor-antagonist (Finocchiaro et al. 1990 ). This correlated with our results may suggest that sympathetic stimulation rather than Ang II could modulate the activity of NAT.
Further, we assessed the pineal indole metabolism in TGR(ASrAOGEN) rats, which exhibit an reduced synthesis of AOGEN specifically in glial cells. As these transgenic rats have an unaltered endocrine RAS (Schinke et al. 1999; Baltatu et al. 2000) , they are a suitable model to study the functional relevance of a local brain RAS in vivo . Remarkably, the low pineal indole levels in TGR(ASrAOGEN) are in agreement with the Losartantreated pineals. The TGR(ASrAOGEN) rats presented a weaker decrease of pineal melatonin content in comparison with the decrease produced by AT1-receptor blockade. This can be explained by the pineal action of the blood-borne Ang II (normal levels in these transgenics) and also the reminiscent locally formed Ang II in TGR(ASrAOGEN) rats. Nevertheless, both in vitro and in vivo data are substantiating the involvement of the RAS in pineal indole production. To study the possible cause for the low pineal indoles in TGR(ASrAOGEN) rats, we determined the mRNA levels of TPH and NAT. Nahmod et al. (1978) have shown that Ang regulates the synthesis of serotonin in the brain by activating TPH. The semiquantitative analysis of real-time PCR showed that the TPH mRNA levels are significantly reduced in the pineals of TGR(ASrAOGEN) rats. Previously it has also been shown that the daily rhythms of pineal TPH mRNA levels (Besancon et al. 1996) closely match changes in TPH enzyme activity (Shibuya et al. 1977; Ehret et al. 1991) . Indeed, our data confirm that TPH mRNA abundance can control TPH enzyme activity in the pineal gland. The reduction in pineal NAT mRNA levels did not reach a significant level. This, corroborated by the NAT activity levels after Losartan treatment, suggests that neither NAT gene expression nor its activity could be altered considerably by manipulating the RAS.
To summarize, the results of these studies suggest a functional relevance of the pineal RAS in indole and melatonin production by modulating the activity of TPH via AT1-receptors. Furthermore, our data provide support for an important neuromodulatory role of pineal astroglia (Smith 1994) , as it is the cell type synthesizing the precursor molecule of the RAS.
